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Magnetic Field Dependence of the Low- Temperature Specific Heat in PrInAg 2 : 
Support for a Non-Magnetic Heavy-Fermion Ground State 
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In order to elucidate the nature of the ground state in the heavy-electron system PrInAg2, we 
measured its specific heat for temperatures between 60 mK and 2 K in magnetic fields up to 9 
T. The peak maximum of the low temperature anomaly in the specific heat (interpreted as Kondo 
anomaly) shifts from 0.42 K at zero field to 0.45 K at 6 T, and to 0.5 K at 9 T. The data at 3 T (after 
subtracting the low temperature tail due to a Schottky anomaly) is practically indistinguishable from 
the zero field data. A low temperature nuclear Schottky anomaly from a hyperfine enhancement of 
the Pr nuclei was observed in field. Both enhanced hyperfine interaction and the insensitivity of the 
specific heat anomaly to fields support the hypothesis that the Kondo effect in this system has a 
non-magnetic origin. 

PACS number(s) 75.30.Mb, 65.40. +g, 71.27.+a, 75.40. Cx 



Recently, a. novel electronic ground state was proposed 
for PrInAg2 ,□ which is characterized by a very large value 
of ~ 7 J/mol K 2 for the Sommerfeld coefficient 7 = C/T 
for the specific heat. It was suggested that quadrupo- 
lar fluctuations of the Pr ions and their interaction with 
the charge of the conduction electrons lead to a heavy- 
fcrmion ground state, in direct analogy to the magnetic 
Kondo interaction between an impurity spin and that 
of a conduction electron. The identification of the non- 
magnetic nature of the ground state was based on mea- 
surements of several properties that determined the ar- 
rangement of the crystal-electric field (CEF) levels in this 
system. Inelastic neutron scattering experiments imply 
that the ground state is a non-magnetic, non-Kramers 
doublet (r»jLwith a magnetic triplet (T4) as the first ex- 
cited stateoa The low temperature susceptibility appears 
to saturate below 20 K to the value of 0.04 emu/mol, be- 
fore upturning below 7 K. Calculation of the Van Vleck 
contribution from excited crystal field levels determined 
from neutron scattering yields 0.043 emu/mol, close to 
the value suggested by the data between 7 and 20 K. On 
the basis of this agreement it was-suggested that suscep- 
tibility is of Van Vleck character .111 This interpretation is 
also supported by the magnetic contribution to the spe- 
cific heat, which is well described by a doubly degenerate 
ground state with two triply degenerate and one singly 
degenerate excited states.a These measurements support 
identification of the ground state of Pr ions in PrInAg2 
as a non- magnetic non-Kramers doublet T 3 . 

A non-magnetic T3 doublet ground state has been in- 
voked in the past to explain some of the thermodynamic 
and neutron scattering properties of the heavy-fermion 
system UBei3.cl In particular, the low-temperature spe- 
cific heat of UBei3 is nearly field independent, with 7 
changing by few percent at 11 T.Q According to Hund's 
rules both 5/ 2 U 4+ and 4/ 2 Pr 3+ have a total angular 



momentum of J — 4. Since the U ions in UBei3 and 
Pr ions in PrInAg2 are at points of cubic symmetry, the 
CEF environments are identical within the point charge 
model. If indeed the ground state of Pr is a non-magnetic 
T3 doublet, the effect of the magnetic field on the heat 
capacity of PrInAg2 should be small, just as it is for 
UBei 3 . 

In this article we present the specific heat data for 
PrInAg 2 in magnetic fields up to 9 T, which provides 
a strong test of the hypothesis of a field-independent 
Kondo effect involving a non-magnetic, non-Kramers T3 
doublet ground state in PrInAg2. We find that the low- 
temperature specific heat in a magnetic field consists of 
two contributions: a largely field- independent anomaly 
with a peak between 0.4 and 0.5 K, and a low tempera- 
ture tail with a magnitude that increases with field. The 
weak field dependence of the first contribution (which 
is the subject of previous work at zero fielda) proves its 
non-magnetic origin. The low temperature tail results 
from the hyperfine enhanced nuclear Schottky anomaly of 
the Pr ions in the non-magnetic electronic ground state. 
These results give additional support to the proposed 
quadrupolar Kondo effect in PrInAg2. 

The samples were grown by melting stoichiometric 
amounts of Pr, Ag, and In in a Ta crucible (details of 
sample preparation and characterization are described 
111 Ref. 0). X -ray diffraction measurements were con- 
sistent with the previously reported cubic Heusler crys- 
tallographic structure of PrInAg2.P A residual resistivity 
ratio between 300 K and 4 K of ~ 6.5, and a residual re- 
sistivity of po ~ 5-5 /ificm demonstrate the high quality 
of the samples. Specific heat data were collected with a 
quasiadiabatic techniquejj where ruthenium oxide thick 
film resistorsQ were used for thermometry. These resistors 
were previously calibrated as a function of temperature 
in a magnetic field against a thermometer placed in a 
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FIG. 1. Specific heat of PrInAg2 in magnetic field, (o) 
H = T; (+) H = 3 T; (A) H = 6 T; (□) H = 9 T. Solid 
lines are results of fit of the data for T < 0.2 K to equation (Q). 
Inset: Specific heat divided by temperature (7) for H = T. 
l(T ^ 0) ^ 7 J/mol K 2 . 

field-free region of the apparatus. We used a PrlnAg 2 
sample with a mass of « 30 mg for the heat capacity 
measurements. 

Fig. Q shows specific heat data of PrInAg2 for several 
values of the magnetic field up to 9 T. The inset of Fig. |l| 
shows specific heat divided by temperature as a function 
of temperature in zero field. The value of the Sommerfeld 
coefficient (as T — > 0) is 7 rj 7 J/mol K 2 , which corre- 
sponds to a Kondo temperature Tk — 1.29ttR/6j g: 0.8 
K within a single-channel Kondo impurity modelJ3 We 
can make two observations about the changes in the data 
displayed in the main body of Fig. [j] as the field is in- 
creased from zero. 

First, a low temperature tail with approximately 1/T 2 
behavior appears where the magnetic field is non-zero, 
and it grows as the field is increased. Such behavior is ex- 
pected for a magnetic Schottky anomaly from the nuclear 
moments of the Pr ions with a non-magnetic electronic 
ground state in PrInAg2. The magnetic field at the nu- 
clear site can be dramatically enhanced by the hypcrfinc 
interaction when the conduction electrons are polarized 
by the applied field. For PrInAg2 this polarization is 
possible because of a Van Vleck susceptibility between 
the non-magnetic ground state and a higher-lying CEF 
split magnetic level. The 6-fold degeneracy of the nuclear 
magnetic manifold (nuclear spin 1 = 5/2 for Pr) is lifted 
by hyperfine (and external) field with an energy splitting 

A = g N H(l + K hf ), (1) 

where — 13 MHz/T is the nuclear gyromagnetic co- 
efficient for Pr, and H is the applied field. The hypcrfinc 
enhancement factor f is proportional to the magnetic 
susceptibility \, where the proportionality constant de- 
pends only on the properties of the f-atom itself.B Using 



T(K) 

FIG. 2. Specific heat of PrInAg2 in magnetic field after 
subtraction of magnetic Schottky anomaly as described in 
the text, (o) H = T; (+) H = 3 T; (A) H = 6 T; (□) 
H = 9 T. Solid Imes are the results of the resonant-level 
model calculations!^ with J = 1/2. Inset: Specific heat data 
(low temperature Schottky anomaly subtracted) for T < 1 K 
on a linear scale. 

the measured value of the magnetic-susceptibility at low 
temperatures x ~ 0.04 emu/jnol,EJ the estimated en- 
hancement factor is K^f ~ 7.6B The hyperfine enhanced 
splitting A is then determined to be 0.016 K, 0.032 K, 
and 0.048 K for the field of 3 T, 6 T, and 9 T, respec- 
tively. This will appear in the specific heat as a Schottky 
anomaly. 

To compare these estimates with our experimental re- 
sults, the data below 200 mK in Fig. [j] was fit (the solid 
lines) with the expression 

C(T)= 1 T + C Sch (T,A), (2) 

where 7T is the electronic contribution, and Csfch repre- 
sents the nuclear magnetic Schottky anomalytJ for Pr. 
The commonly used high temperature approximation 
Csch(T) oc 1/T 2 is not adequate since the energy gap A 
is significant in comparison with the temperature range 
of the data. Therefore the full functional dependence of 
C sc h was used in fitting. In the fit, 7 and A are ad- 
justable parameters, and the resulting values of A are 
0.017 K, 0.031 K and 0.048 K at 3 T, 6 T, and 9 T, 
which is in very good agreement with the values esti- 
mated above from the experimentally determined x- O n 
the basis of this analysis we can firmly identify the low 
temperature tail in specific heat as a hyperfine enhanced 
nuclear Schottky anomaly of the Pr ions. The consis- 
tency between the value taken for the low temperature 
susceptibility and the low temperature specific heat in 
magnetic field in turn provides strong support for iden- 
tification of the magnetic susceptibility as Van Vleck in 
nature. 

The values of 7 obtained by fitting Eq. (^) to the data 
are 6.7, 6.8, and 4.7 J/mol K 2 for field of 3, 6, and 9 T 
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respectively, with estimated uncertainty in 7 on the order 
of 10%. This leads us to a second observation, that the 
zero-field anomaly, peaked at ~ 420 mK for H = T, 
does not appear to be significantly affected by applied 
magnetic fields up to 9 T, which has corresponding en- 
ergy [IbU ~ 6 K, an order of magnitude greater than 
the energy scale (Tk — 0.8 K) of the feature. This is 
demonstrated better in Fig. ||, where the data are plot- 
ted on a logarithmic temperature scale for different fields 
after subtracting the Schottky anomaly Cs c h(T, A), de- 
termined by the fit to Eq. (g). The data for H = T and 
3 T practically lie on top of each other, with the peak of 
anomaly at 0.42 K. For H = 6 T, the peak shifts slightly 
up to 0.45 K, and it reaches 0.5 K when the field is 9 T, 
which is less than a 20% increase. 

This weak dependence on the magnetic field very 
strongly supports the non-magnetic nature of the low- 
temperature specific heat anomaly associated with 
electron-electron interactions in PrInAg2. To emphasize 
this point, the results of the numerical calculation oLa. 
resonant-level single (magnetic) impurity Kondo modelEHI 
with J = 1/2 and Tk = 0.8 K are also plotted as the solid 
lines in Fig. |2[ As expected, a field of 9 T completely 
suppresses specific heat due to Kondo effect in the ex- 
perimentally measured temperature range and moves the 
anomaly almost an order of magnitude higher in temper- 
ature. A significant increase in height is also realized in 
the calculation as the Kondo peak narrows into a Schot- 
tky anomaly from an uncorrelated electron gas in a mag- 
netic field. Clearly, the observed field dependence of the 
specific heat in PrInAg2 is completely different from that 
expected for an interaction involving the electron spin. 

The dependence of the 0.4 K specific heat anomaly on 
magnetic field is weak, but clearly non-zero. The change 
in 7 is an order magnitude greater than that in UBei3.Q 
One possible explanation is provided by the model that 
involves the splitting of the ground state T3 doublet .til 
This splitting Ao results from dynamical lifting of the or- 
bital degeneracy of the conduction electron bands at the 
Pr sites, and leads to a crossover from the two-channel 
quadrupolar Kondo behavior above the temperature of 
Aq/Tr- to the Fcrmi-liquid behavior below it. The addi- 
tional splitting due to magnetic field is proportional to 
H 4 , and the large power-law exponent results in a sharp 
increase of the effect of the magnetic field between 6 and 
9 T. This model can quantitatively explain the observed 
shifts of the peak in the specific heat for 6 T and 9 T 
data to within a factor of twoO 

In conclusion, the specific heat of PrInAg2 in a mag- 
netic field provides two additional facts in evidence of 
the novel heavy-electron ground state in this compound, 
which develops as a result of a Kondo-like interaction 
between the conduction electrons and the fluctuating 
quadrupolar moment of the Pr ions in a non-Kramers 
T3 ground state. The first is that the low tempera- 
ture anomaly in specific heat of PrInAg 2 (with 7 w 7 
J/mol K 2 ) remains largely independent of magnetic field 
up to 9 T. The second fact is that the low tempera- 



ture tail developing at non-zero field is due to a hy- 
perfine enhanced nuclear Schottky anomaly of Pr ions. 
This enhancement results from the temperature indepen- 
dent Van Vleck susceptibility of the Pr 3+ ions in a non- 
magnetic ground state. The magnitude of the enhance- 
ment confirms that all of the measured low-temperature 
magnetic susceptibility x IS due to Pr ions, in accord 
with the calculations of \ based on a CEF scheme with 
the non-magnetic non-Kramers T3 ground state.EJ 
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